Background
Drosophila oocyte determination is an excellent model system for addressing the mechanisms governing cellular A fundamental property in the development of most eukaryotes is the generation and maintenance of cellular asymmetry. Oogenesis is initiated in Drosophila by an asymmetric stem cell division that regenerates a stem cell asymmetry. The developmental mechanisms underlying this process address a key question in cell biology and and produces a daughter cell termed the cystoblast. The cystoblast subsequently undergoes four rounds of syndevelopmental genetics, which is how genetically identical cells differentiate into functionally and biochemically chronous division with incomplete cytokinesis. This series of events results in a 16-cell germline cyst that is intercondistinct cell types. Asymmetric cell division is one common mechanism by which cellular diversity is achieved nected through stable intercellular bridges termed ring canals [7] . During these divisions, one pole of each mitotic [1] [2] [3] [4] . Cell fate diversity in both C. elegans and Drosophila has been linked to asymmetric cell division in which spaspindle associates with a germline-specific structure called the fusome, which anchors the spindle pole and thus tially oriented and cytologically unequal mitotic divisions lead to the partitioning of cell fate determinants from the provides orientation during mitotic divisions and ensures an invariant stereotypical pattern of division and intercelmother cell to a single daughter cell at cytokinesis [5, 6] . Given the importance of the microtubule cytoskeleton in lular connections within the 16-cell cyst [8, 9] . Oocyte determination occurs within the 16-cell cyst whereby one cytoplasmic organization and intracellular transport within polarized cell types, factors regulating microtubule dyof the two cells with four ring canals is singled out to differentiate into the oocyte, whereas the remaining 15 namics likely play an integral role in the mechanism(s) regulating cellular asymmetry.
cystocytes differentiate into highly polyploid and biosyn-thetically active nurse cells. Prior to oocyte determination, a scaffold for the assembly of a polarized microtubule array and aid in the establishment of a directed transport the two cells with four ring canals initiate differentiation as pro-oocytes by entering meiotic prophase I and accuto the pro-oocyte. In support of this notion, mutations in the fusome components ␣-spectrin, ␤-spectrin, ankyrin, and mulating centrioles. This observation indicates that there is directional transport within the cyst [10, 11] . Initially, hts [26] [27] [28] that block or disrupt fusome formation also disrupt spindle orientation and the pattern of ring canal the two pro-oocytes appear equivalent; however, one cell invariantly becomes the oocyte through the differential connections [8-9, 26, 27, 29] . In the case of ␣-spectrin and hts it has been demonstrated that mutations in these genes accumulation of specific oocyte differentiation factors such as Bicaudal-D (Bic-D) and oskar mRNAs [12] [13] [14] [15] and abolish fusome formation and often lead to defects in cyst formation and oocyte differentiation [28, 26] . Moreover, Bicaudal-D (Bic-D), Egalitarian (Egl), Orb, and fs(2)Cup proteins [13, [16] [17] [18] [19] , while the remaining pro-oocyte rethe microtubule motor dynein, encoded by the dynein heavy chain 64C (Dhc64C) gene, associates with the fusome verts to a nurse cell fate.
in a cell cycle-dependent manner and is required for The polarized transport of molecules through the ring fusome integrity, cyst polarity, and oocyte determination canals and into the presumptive oocyte occurs along a [29] . Recent studies reveal that oocyte determination is, polarized microtubule array originating from a microtuhowever, more complex than a simple microtubule transbule-organizing center (MTOC) in the oocyte. This port system since the synaptonemal complex (SC), which MTOC nucleates a microtubule network that extends identifies the meiotic pro-oocyte, is restricted to a single through the ring canals into the 15 nurse cells of the cyst cell of the 16-cell cyst in a microtubule-independent man- [11, 20] . Both genetic and pharmacological studies directly ner [30] . implicate the microtubule cytoskeleton in occyte determination. Depolymerization of the microtubule cytoskeleMembers of the PAR-1/MARK/KIN1 family of serine/ threonine protein kinases have been shown to function ton through the use of drugs such as colchicine leads to a 16-nurse cell phenotype, which implicates microtubule in generating cellular asymmetry and polarization in a variety of systems [31] [32] [33] [34] [35] . Mutations in C. elegans par-1 structure as an important component of the oocyte determination mechanism [21] . Furthermore, genetic analysis lead to a symmetric first division of the zygote and block segregation of P granules as well as other determinants of the Bic-D and egl genes reveals that both are required for oocyte determination as well as the formation of an along the anterior-posterior axis [31] . Two recent studies in Drosophila reported the molecular characterization and active MTOC within the presumptive oocyte [22, 12, 13, 23, 20] . This indicates that Bic-D and Egl mediate the phenotypic analysis of hypomorphic Drosophila par-1 alleles [32, 33] . These studies reveal that par-1 is required effect of the microtubule cytoskeleton on oocyte determination by maintaining the microtubule network after the in the establishment of anterior-posterior polarity within the egg chamber and, subsequently, within the embryo. initial polarity has been established.
Shulman et al. [32] further demonstrated that these pheIn order to define the pro-oocyte as the site of microtubule notypic defects arise from a disorganization of the oocyte nucleation and to assemble a polarized microtubule array, microtubule cytoskeleton. These results indicate that a polarity within the germline cyst must be first estab-PAR-1 homologs in Drosophila, C. elegans, and mammalian lished. One possible origin for this polarity may be the systems share a conserved function in the generation of asymmetric segregation of the spectrosome, a germline cell polarity [32] . Here we report the identification and organelle rich in membrane skeletal proteins that is the phenotypic analysis of a null allele of par-1 and its role precursor to the highly branched vesicular fusome [8, 24] . in early oogenesis. Phenotypic analysis of germline clones The asymmetric partitioning of the spectrosome at the for a null allele reveal that PAR-1 is required within the first cystoblast division is thought to polarize the fusome germarium for generating cyst polarity and oocyte differduring the subsequent three divisions, which in turn may entiation as well as microtubule organization. direct the formation of an active MTOC within only one of the two pro-oocytes [24] . During the four cystocyte
Results

PAR-1 is a component of the fusome
mitoses, one pole of each mitotic spindle is anchored in the fusome, and following each mitosis fusomal material
We independently identified and cloned the Drosophila homolog of par-1 (Figure 1a ,c), a member of the PAR-1/ accumulates in place of spindle remnants. This generates a highly branched structure that extends through the ring MARK/KIN1 kinase gene family [32, 33] . To investigate the role of PAR-1 in oogenesis, we generated a polyclonal canals into all cells of the cyst [8, 24] . The anchorage of the mitotic spindle pole to the fusome is believed to antibody against a portion of the linker region that is shared by all predicted protein isoforms (T.-Q. S., Y. N. J., ensure the stereotypical pattern of interconnections between cells after division [25] , and this in turn generates and L. T. W., submitted). Consistent with previous studies [32, 33] , staining with the PAR-1 antisera reveals that a polarized cyst and, ultimately, oocyte differentiation. Therefore, the polarized fusome may somehow provide PAR-1 is expressed in both the germline and the soma. (Figure 2b,c) . Subsequently, during cyst development, PAR-1 colocalizes with actin to the ring pattern is highly similar to that observed for the mamma- [34] . To control for the specificity of the affinity-purified PAR-1 antisera, we cated by their polyploid nuclei (Figure 3a- Figure 1b ). PAR-1 basolateral staining was completely eliminated in the mutant follicle cell clones (Figoocyte (data not shown) . Phenotypic analysis of germline mosaic egg chambers further reveals a par-1 dependent ure 2i, arrowhead), and fusome and ring canal expression is similarly lost in mutant germline clones (data not shown).
block at stage 5 to stage 6 of oogenesis (Figure 3d ; [7] ). These results taken together clearly demonstrate that par-1 is required in the germline to regulate oocyte differpar-1 is required in the germline entiation.
for oocyte differentiation
Previous studies of hypomorphic alleles of par-1 revealed a role in establishing anterior-posterior polarity in egg
Germline cyst polarity and ring canal pattern are disrupted in par-1 mutant clones chambers and subsequent embryonic axis formation [32, 33] . To investigate whether par-1 function is required To analyze how oocyte determination is blocked in par-1 mutant egg chambers, we first examined how removing earlier in oogenesis, we generated a protein null allele in par-1 (par-1
⌬16
; Figure 1b ). The par-1 ⌬16 allele originates PAR-1 affected the formation or structure of the fusome and ring canals to which PAR-1 localizes within the germfrom the imprecise excision of the l(2)k06323 line and is homozygous embryonic lethal. This allele contains a 16 line (see Figure 2 ). We examined the morphology of fusomes in par-1 mutant cysts by double labeling germaria kb deletion removing most of the coding sequences 3Ј of the P-element insertion; the deletion includes the entire with nuclear GFP and monoclonal anti-Hts antibody 1B1, a marker for the fusome [38] . In wild-type germaria (Figkinase domain and the majority of the linker region (Figure 1b) . The fact that this allele is embryonic lethal indiure 3e), a spherical fusome or spectrosome (Sp) is present in germline stem cells and cystoblasts. Following cyscates an additional function for par-1 during zygote development. Therefore, to determine the role of par-1 in toblast division, the fusome (Fu) undergoes a morphogenesis from a spherical fusome in the cystoblast into a polarearly oogenesis, we generated mosaic egg chambers whose germline cyst was homozygous mutant for par-1 ⌬16 . We ized, branched structure in the 2-, 4-, 8-, and 16-cell cysts [24] . Analysis of par-1 mutant clones reveals that par-1 is used the FLP/DFS technique [36] to generate both par-1 mutant and wild-type germline clones. The germline phenot required for formation of the fusome ( Figure 3e ) and that, furthermore, fusome morphology was indistinguishnotype of par-1 mutant clones was largely indistinguishable from that of control ovo D females when we analyzed able from wild-type clones within the same germaria. Therefore, while par-1 is not required for fusome formathem by DAPI staining to reveal nuclear morphology (data not shown). In either case, there were no vitellogenic tion, the defects in cyst development and oocyte determination suggest that par-1 may nevertheless play an imporoocytes observed, and mutant females failed to produce any eggs. In control experiments using an FRT G13 chromotant role as a component of the fusome in establishing and/or maintaining cyst polarity (see Background). some not bearing a par-1 mutation, wild-type clones give rise to numerous developing oocytes and mature eggs (data not shown). These results indicate that par-1 is
The ring canals are stable intercellular bridges that mainrequired early in the germline for oocyte development.
tain the connection between all cells within the 16-cell germline cyst. In wild-type germline cysts, the pattern of ring canal connections is highly invariant; one of the two To further characterize the germline requirement for par-1 function during oocyte specification, we repeated cells with four ring canals invariably differentiates to form the oocyte, while the remaining 15 cells become nurse the mosaic analysis in the absence of ovo D . We used the FLP/FRT technique [38] to generate par-1 mutant germcells. Therefore, the pattern of ring canal connections reflects the spatial pattern of the cystoblast mitotic diviline clones, which are marked by the absence of nuclear GFP expression (see Materials and methods). We counsions [39] . To analyze the size, formation, and spatial distribution of ring canals in par-1 mutant clones, we terstained mosaic egg chambers containing homozygous par-1 germline clones with the chromatin marker propidcompared wild-type and mutant germline cysts and egg chambers stained with rhodamine-conjugated phalloidin ium iodide to determine the number and size of the nuclei. We compared mosaic egg chambers lacking par-1 in to visualize the filamentous actin component of ring canals. In wild-type germaria, each 16-cell germline cyst germline cells with control egg chambers, which retain par-1 expression in both germline and follicle cells. Condisplays a stereotypic pattern of ring canal connections ( Figure 3f ). In region 2b, when the germline cyst flattens trol egg chambers invariably contained 15 nurse cells and a single oocyte (data not shown). In contrast, par-1 mosaic out across the width of the germarium, the spatial distribu- [7] ). PAR-1 is specifically localized to the fusome and ring canals in the germline; therefore, we analyzed the requirement for par-1 function in the formation or organization of these germline structures. (e) We analyzed par-1 mutant germline clones for fusome assembly by double labeling germaria with nuclear GFP (green) to mark wild-type and par-1 mutant germline cysts and with 1B1 antisera (red) to mark spectrosomes (Sp) and fusomes (Fu). Fusome formation and organization in par-1 mutant germline cysts (encircled by white dots) are indistinguishable from those observed in wild-type germline cysts. par-1 function is therefore dispensable for fusome formation. (f-g) We compared the spatial distribution of ring canals in both (f) wild-type and (g) par-1 mosaic germarial cysts in region 2b and 3 by labeling with rhodamineconjugated phalloidin. (f) Wild-type germarial cysts display a highly ordered stereotypical arrangement of ring canals in both regions 2b and 3; (g) however, par-1 mutant cysts display clear disruptions in ring canal organization and spatial distribution (arrow). Panels (f) and (g) are at the same magnification. (h-j) We compared both wildtype and par-1 mosaic egg chambers for ring canal formation and organization by double labeling egg chambers with (f) nuclear GFP to mark par-1 mutant germline cysts and with (g) rhodamine-conjugated phalloidin to cyst polarity. In the wild-type egg chamber, visualize the filamentous actin component of which expresses nuclear GFP, the oocyte is ring canals. Note that not all ring canals within positioned posteriorly, and this reflects the the posterior-most cell in the mutant cyst these egg chambers are visible in this singlepolarization of the germline cyst.
(arrowhead) does not display the oocytesection confocal image; however, both wildFurthermore, the oocyte is characterized by specific pattern of four ring canal connections. type and mosaic egg chambers have the the stereotypic pattern of the four largest ring The disrupted pattern of ring canal correct number of ring canals (data not canal connections (arrow). However, in the connections in the mosaic egg chamber shown). (h) A merge of panels (f) and (g) par-1 mosaic egg chamber the pattern of ring indicates that the initial polarity of the mutant reveals that par-1 is required for establishing canal connections is highly disorganized, and germline cyst was disorganized.
tion of ring canals is manifest as an orderly, linear arrangeHowever, in par-1 mutant germline cysts (Figure 3g ), the arrangement of ring canals in both region 2b and region ment across the width of the germline cyst (Figure 3f) . Similarly, in region 3 of the germarium, the spatial distri-3 of the germarium is disrupted. In region 2b (Figure 3g , arrow), the wild-type linear distribution of ring canals is bution of ring canals remains highly ordered (Figure 3f ). of ring canals appears less ordered and more unevenly distributed. In mosaic egg chambers, the size and location While the precise mechanism of oocyte determination is unknown, one hallmark of this process is the differential of the ring canal connections was also disrupted (Figure  3h-j) . The most posterior germline cell in the egg chamaccumulation of specific oocyte differentiation factors within a single cell of the germline cyst (see Background). ber did not display the typical cluster of the four largest ring canals characteristic of the oocyte (arrowhead, Figure  A number of these molecules, including Bic-D, Egl, Orb, and Dhc64C, appear to be directly involved in this process 3j). In contrast, in wild-type egg chambers the oocyte is invariantly positioned at the posterior and is easily identisince they are required for determination of the oocyte [13, 16, 17, 29] . To further define the role of par-1 in fied by its four large ring canals at the anterior margin of the cell (arrow, Figure 3j) . Thus, par-1 function is required oocyte determination, we analyzed the expression pattern of these proteins in par-1 mutant germline clones during early in germline cyst formation to establish cyst polarity. Furthermore, the lack of cyst polarity correlates with the early and late stages of oogenesis and compared that expression to wild-type control germaria and egg chambers. failure in oocyte determination that results in the differentiation of 16 polyploid nurse cells.
In contrast to wild-type germline cysts (Figure 4a) , par-1 mutant cysts fail to maintain the accumulation of Bic-D egg chambers there remains no posterior accumulation of microtubules or visible MTOC formation (Figure 5j-l) . protein in a single cell. In region 2b of the germarium, Bic-D protein appears to localize to a single cell; however, These results indicate that par-1, like Bic-D and Egl [12] , is required for the formation and/or maintenance of an this differential localization is not maintained in region 3 of the germarium. Later in oogenesis, par-1 mosaic egg active MTOC within the future oocyte. The even distribution of microtubules within the mutant germline cysts chambers also fail to accumulate Bic-D in a single cell (Figure 4b ), but rather they display diffuse expression and egg chambers and the failure to maintain an active posterior MTOC may account in part for the defects obof Bic-D throughout the egg chamber. Similarly, par-1 mutant cysts and egg chambers fail to accumulate Orb served in cyst polarity and, ultimately, oocyte determination. (Figure 4c, d) , Dhc64C (Figure 4e,f) , and Staufen ( Figure  4g ) proteins within a single cell. This failure leads to
To better understand the relationship between par-1 diffuse expression throughout the germline cyst or egg function and microtubule organization, we conducted a chamber. To investigate the integrity of the microtubule detailed analysis of microtubule structure in par-1 mutant network, we analyzed oskar mRNA expression in par-1 germline clones. To examine the dependence of PAR-1 mosaic egg chambers by in situ hybridization. oskar locallocalization on an intact microtubule cytoskeleton, we fed ization to the future oocyte has previously been shown adult females with the microtubule depolymerizing drug to require a stable MTOC and microtubule network [14] colchicine. To assay the effect of the drug on disrupting (see Background). In wild-type ovarioles (Figure 4h) , the microtubule cytoskeleton, we monitored the producoskar mRNA is first detected in region 2b (arrow), where tion of egg chambers containing 16 nurse cells and no it begins to accumulate in a single cell. Subsequently, oocyte and analyzed microtubule structure by immunofluoskar mRNA is localized posteriorly in the oocyte of each orescence. In a wild-type germarium, PAR-1 is expressed developing egg chamber. In contrast, par-1 mosaic egg chambers (arrowhead, Figure 4i ) fail to accumulate oskar on the spectrosome and the fusome, and the microtubules mRNA posteriorly. These results indicate that par-1 is display a highly organized network originating from the required for the differential accumulation of oocyte differposterior MTOC (Figure 5m ). Following microtubule deentiation factors and further suggests that par-1 may funcpolymerization, we observed no disruption in the localization in establishing and/or maintaining polarity of the tion of PAR-1 to the spectrosome or fusome (Figure 5n ). microtubule network.
This indicates that PAR-1 localization within the germline is independent of microtubules.
par-1 is required in the germline for microtubule organization
Finally, the orientation and attachment of mitotic spindle In addition to its role in the establishment of axial polarity poles to the fusome during cystocyte divisions is believed and the localization of morphogens within the developing to ensure the proper pattern of cell divisions necessary oocyte [21, 40] , the microtubule cytoskeleton has a very to generate a polarized cyst [8, 24, 25, 41, 42] . Therefore, important role in the early events of oocyte determination.
we examined spindle orientation in dividing par-1 mutant The microtubule cytoskeleton is critical in many aspects germline cysts (Figure 5o, arrow) . We stained par-1 muof oocyte determination since microtubule depolymeriztant germline cysts with antibodies to ␣-tubulin and the ing drugs disrupt the accumulation of oocyte differentiaHts-related antigen 1B1 to label microtubules and fution factors, such as Bic-D and oskar mRNA, and lead to somes, respectively. We, however, found no apparent dethe development of cysts with 16 nurse cells [20] . Given fect in spindle orientation or attachment to the fusome that par-1 is also required for the differential accumulation (Figure 5o ). of oocyte factors and for oocyte determination, we analyzed the organization of the microtubule cytoskeleton in These results taken together suggest that par-1 regulates par-1 mutant clones. In wild-type germaria, the oocyte is microtubule dynamics during cyst formation and oocyte characterized by the presence of an active MTOC (Figure determination by establishing and/or maintaining polar5a-c) which organizes the microtubule network within ization of the microtubule network. the developing germline cyst. In region 3 of the germarium, the MTOC is clearly present in a single posterior par-1 is required for microtubule stabilization in the follicular epithelium cell (Figure 5b, arrow) . However, in par-1 mutant cysts there is no apparent posterior MTOC formation (Figure Given that PAR-1 functions to regulate microtubule dynamics and cyst polarity in the germline, we sought to 5d-f); rather, the microtubules appear evenly distributed within region 3 of the germarium (Figure 5e, arrow) . Simitest whether par-1 plays similar roles in the somatic follicle cells. We generated par-1 ⌬16 follicle cell clones and stained larly, in stage 2 mutant egg chambers, there is no apparent posterior accumulation of microtubules, but rather the egg chambers to assay both microtubule and epithelial organization as well as follicle cell polarity. We first anamicrotubules remain evenly distributed within the mutant cyst (Figure 5g-i) . Finally, in later-stage par-1 mosaic lyzed par-1 mutant follicle cell clones by double labeling with anti-␣-tubulin and anti-␣-Spectrin antibodies to follicle cell clones (Figure 6a ). Moreover, anti-Spectrin staining reveals defects in epithelial shape and organizaassay microtubule organization and epithelial integrity, respectively (Figure 6a-d) . In wild-type follicle cells, tion. Wild-type follicle cells at this stage form a columnar monolayer that surrounds the oocyte; however, par-1 mu-␣-tubulin is normally localized to the basolateral membrane (Figure 6c , arrow) in a pattern very similar to that tant follicle cells appear to disrupt this monolayer. By using anti-Spectrin staining as a cortical marker, we obobserved for PAR-1 (Figure 2h ). However, in par-1 mutant clones, the basolateral ␣-tubulin expression is comserved two defects in monolayer organization. First, we found that follicle cells lacking PAR-1 function appear pletely abolished (Figure 6c, arrowhead) . The effect on ␣-tubulin expression of removing par-1 function is specific to lose their characteristic columnar shape and appear irregular in size and shape (Figure 6a, arrowhead) . Second, since ␣-Spectrin expression is unaffected in par-1 mutant we observed a disruption in the monolayer such that two epithelial polarity, respectively (Figure 6e-l) . Armadillo follicle cells appear to be stacked on top of one another displays a polarized accumulation within follicle cells with rather than in a monolayer (Figure 6a, arrow) . This result intense staining apically in the adherens junctions as well suggests that disruption in the monolayer may lead to a as laterally between cell surfaces. In contrast to the polarreorientation or randomization of the plane of division in ized pattern of Arm accumulation in wild-type follicle par-1 mutant follicle cells. An alternative and equally cells (Figure 6e, arrow) , par-1 mutant follicle cells display probable interpretation could be that mutant follicle cell an even and slightly weakened distribution of Arm protein division occurs normally; however, following division (Figure 6e, arrowhead) . Furthermore, in an apical cross there may be a reorientation of the mutant follicle cells section, it is clear that par-1 mutant follicle cells display perpendicular to the wild-type orientation.
a highly disrupted pattern of Arm expression along the cell cortex (Figure 6i, arrow) . These defects in Arm accumulation suggest a loss of polarity within the par-1 mutant Since par-1 is required in follicle cells to organize and/or follicle cells and further indicate that PAR-1 may function stabilize the microtubule cytoskeleton as well as to mainto organize and restrict the basolateral membrane domain tain the integrity of the epithelial monolayer, we analyzed within follicle cells since removing par-1 function leads the potential role of par-1 in the establishment and/or to a loss of this apical Arm restriction (Figure 6l ). To maintenance of follicle cell polarity. We labeled mutant further assay the role of par-1 in organizing the basolateral follicle cell clones anti-␣-tubulin and anti-Armadillo (Arm) antibodies to assay microtubule organization and membrane domain, we stained mosaic egg chambers with anti-Neurotactin to assay both apical and lateral memgermline cyst with a single oocyte [44] . In wild-type germline cysts, microtubules first focus on the fusome before brane integrity (Figure 6m-p) . Neurotactin is a transmembrane glycoprotein expressed in epithelial tissues along becoming restricted to the oocyte; however, in hts 1 mutant germline cysts, which lack fusomes, there is no central the apical and lateral membranes. Similar to the effects of par-1 on microtubule stabilization, we observed a dramatic focus of microtubules. This finding indicates the requirement of the fusome to organize the complex and dynamic destabilization of both apical and lateral Neurotactin expression in par-1 mutant follicle cell clones (Figure 6m , microtubule array [44] . However, the mechanisms by which the fusome organizes the microtubule network and arrow). These results taken together strongly suggest that PAR-1 is required to organize the microtubule cytoskeleaffects oocyte differentiation remain largely unknown. ton as well as maintain polarity within the follicular epiAnalysis of par-1 germline cysts reveals that par-1 is not thelium.
required for fusome assembly. The fusome is rich in membrane skeletal proteins, which not surprisingly play a role
Discussion
In this paper we have presented evidence that the par-1 in maintaining fusome structure and integrity. However, as a kinase the PAR-1 protein is more likely to play a gene, in addition to its previously defined role in axis formation [32, 33] , is required early in oogenesis for estabregulatory role on the fusome, so it is perhaps not unexpected that PAR-1 function is dispensable for fusome lishing and maintaining germline cyst polarity and, subsequently, for oocyte differentiation. PAR-1 appears to meformation. PAR-1 is localized to the fusome during the first cystoblast division, at which time there is an unequal diate microtubule dynamics within the developing cyst in order to generate a polarized microtubule network.
segregation of fusomal material to one of the two prooocytes [8, 24] . This asymmetric segregation of PAR-1 on Similarly, in the follicular epithelium, PAR-1 is specifically required for microtubule stabilization and follicle the fusome may play a role in establishing initial cyst polarity. In fact, recent studies strongly suggest that a cell polarization. Our results demonstrate that par-1 is required for regulating microtubule dynamics in order to persistent asymmetry within the fusome stores early polarity information for use in fully mature cysts [44] . The ensure proper cyst polarity and oocyte differentiation. establishment of polarity within the cyst is therefore likely par-1 is required for cyst polarity, oocyte differentiation, carried out through an activity of the fusome on microtuand microtubule organization bule organization. Consistent with previous studies on par-1 [32] , our analyses of par-1 null germline cysts revealed defects in micro-
The fusome associates with only one pole of the mitotic spindle during cystocyte divisions [8] and is required to tubule organization and MTOC formation as well as disruptions in cyst polarity and oocyte differentiation. The orient the mitotic spindles to ensure proper cyst polarity.
Our analyses indicate that PAR-1 function is dispensable failure to accumulate oocyte differentiation factors such as Bic-D, Orb, Dhc64C, and oskar mRNA in a single cell on the fusome for proper orientation of mitotic spindles; however, PAR-1 is required for MTOC formation and the suggests that par-1 is required to establish and maintain a polarized microtubule transport system that directs accuassembly of a polarized microtubule network. Furthermore, we demonstrate that PAR-1 localization to the fumulation of determinants within the pro-oocyte. The disrupted pattern of ring canal connections observed in par-1 some is microtubule independent. The localization of PAR-1 to the fusome could reflect a direct interaction of mosaic germarial cysts and egg chambers suggest that PAR-1 function is required in the very initial stages for PAR-1 with the microtubules present within the fusome such that par-1 activity regulates microtubule dynamics establishing cyst polarity. In the absence of proper cyst polarity, the microtubule transport system may fail to asin the establishment of a polarized microtubule array. Alternatively, par-1 activity may be required for the localsemble or may assemble incorrectly, which may block oocyte differentiation.
ization or phosphorylation of some critical factor "X" on the fusome, which in turn may function to regulate microHow then does par-1 link cyst polarity and oocyte differtubule dynamics. In either case, as a fusome component, entiation with the establishment and maintenance of a par-1 plays a critical role in the organization of the microtupolarized microtubule network? The localization of PAR-1 bule network and may therefore be an integral part of to the fusome may provide the key to understanding how the mechanism(s) by which the fusome affects cyst polarthese processes are linked by par-1. Recent studies using ity and oocyte differentiation. a GFP-tubulin construct that allows visualization of germ cell microtubules reveals that microtubules associate diOne could argue that the microtubule organization in par-1 mutant cysts is disrupted by a fusome-independent rectly with the fusome in a cell cycle-dependent fashion [44] . The fusome interacts with and organizes the micromechanism. PAR-1 protein is incorporated into maturing ring canals in region 2b of the germarium, and this finding tubule network in both mitotic and meiotic cysts, and this contributes to the production of a polarized 16-cell raises the possibility that ring canals, rather than the fu-some, may mediate microtubule polarization. However, function in a similar manner to mammalian MARKs in generating cell polarity and a polarized microtubule cythis interpretation is not supported by the literature betoskeleton. The par-1 null allele reveals an additional role cause the microtubule network associates with the fusome for par-1 during embryonic development since the null and not the ring canals [44] , and this association is deallele is homozygous lethal. Therefore, it will be interesttected prior to the localization of PAR-1 to ring canals in ing to determine whether this zygotic requirement for region 2b. Therefore, the PAR-1 localization to the fupar-1 is similarly involved in cell polarization. some, rather than the ring canals, is responsible for organizing microtubules during early germ cell devel-
Materials and methods
opment.
Generation of the par-1 null allele
To generate loss-of-function alleles in Drosophila par-1 (par-1), we per- The PAR-1/MARK/KIN1 family kinases share a contemperature, and ovaries were dissected 7-10 days after eclosion. Ovaserved function in establishing cell polarity in a wide ries were subsequently processed for immunofluorescence as described range of organisms and cell types [47, 32] . The results below; clones are identified by the absence of nuclear GFP expression.
PAR-1 regulates microtubule stabilization
presented here demonstrate that par-1, in addition to
Immunohistochemistry and in situ hybridization
polarizing the oocyte microtubule cytoskeleton late in
Wild-type and mutant ovaries from adult females were dissected, fixed, oogenesis, functions to regulate MTOC formation and and stained as described in Lin et al. [28] . Fixation and staining for microtubule organization in the early Drosophila germline microtubules was performed according to Theurkauf [43] . For immunofluorescence staining the following antisera were used: rabbit anti-DPar1 during oocyte differentiation. Furthermore, par-1 activity
(1:5000; Sun et al., [35] ), rabbit anti-Stau (1:5000; [49] ), mouse antiis required to stabilize the microtubule cytoskeleton in ized epithelia, it is tempting to speculate that PAR-1 may structure and function of germline chromosomes.
Counterstaining immunofluorescently labeled samples with one of the heim)-labeled oskar cDNA was used as a probe [14] . For microtubuleimplications for axis specification and intercellular transport.
depolymerization experiments, flies were fed yeast paste containing 50
Development 1992, 115:923-936.
g ml Ϫ1 colchicine for 14-18 hr.
22. Mohler J, Wieschaus E: Dominant maternal-effect mutations of Drosophila melanogaster causing the production of double
